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We have investigated the electronic and magnetic properties of a MnAs:GaAs granular film with
MnAs clusters embedded in the GaAs matrix fabricated by high-temperature annealing of
Ga12xMnxAs using x-ray absorption spectroscopy~XAS! and x-ray magnetic circular dichroism
~XMCD!. The XAS line shapes in the Mn 2p core level changed from a localized structure to an
itinerant NiAs-type one. Magnetic-field dependence of the XMCD revealed no hysteresis curves at
the fixed photon energy where the large XMCD signals were observed, suggesting the












































ofMaterials such as diluted magnetic semiconductors
semiconductor/magnetic hybrid systems have attracted m
attention because of the combination of magnetic and se
conducting properties and, hence, high potential for sp
electronic ~or spintronic! device applications. Manganes
based ferromagnetic thin films such as MnAs a
Ga12xMnxAs have recently been epitaxially grown on GaA
substrates using molecular beam epitaxy~MBE!.1,2 MnAs
grows epitaxially onto GaAs in the hexagonal NiAs-ty
structure.1 For MnAs/GaAs, the interfaces are thermod
namically stable because the material shares As atoms
the growth process is completely compatible with the ex
ing III–V MBE technology. Recently, there were several r
ports on controlling nanoscale structures into zinc-blen
type MnAs such as the Mnd doping in GaAs,3 the MnAs/
GaAs multilayer,4,5 and the MnAs dots on sulfur-passivate
GaAs,6 which would open up the opportunities to devel
spintronic devices. Another interesting MnAs-based na
structure has been fabricated, that is a MnAs:GaAs gran
film, consisting of MnAs nanoscaled clusters embedded
GaAs, and has the advantage of being ferromagnetic or
perparamagnetic at room temperature. It is well known t
the high-concentration doping of Mn into GaAs and t
high-temperature annealing of Ga12xMnxAs above 300 °C,
NiAs-type MnAs clusters are segregated in the size of ab
10 nm in diameter.7–10 The granular MnAs clusters show
both positive and negative giant magnetoresistance c
trolled by carriers thermally or electro-optically generated
the semiconductor matrix8 and are utilized as distribute
Bragg reflector devices.9
For the investigation of the electronic and magne
properties of these MnAs-based nanostructures, x-ray
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sorption spectroscopy~XAS! and x-ray magnetic circular di
chroism~XMCD! by probing core levels are very powerfu
techniques. Here, we adopted the fluorescence yield me
to detect signals, which enables us to obtain the informa
about not only the surface but also the bulk electronic str
ture because of the long probing depth of photons. To inv
tigate the magnetic properties, we performed XMCD me
surement under 0.5 T. One of the merits of XMCD is tha
enables to detect the site-selective magnetic moments
the hysteresis curves. In this letter, we report on the e
tronic and magnetic properties of the MnAs:GaAs granu
film with MnAs clusters embedded in the GaAs matrix fa
ricated by high-temperature annealing of Ga12xMnxAs using
XAS and XMCD.
The MnAs clusters were obtained by a thermal annea
of diluted magnetic semiconductor Ga12xMnxAs under As
pressure following two different heat procedures;~I!
580 °C31 h, and~II ! 650 °C310 min. As shown in Fig. 1,
transmission electron microscopy~TEM! image reveals tha
the MnAs clusters are segregated from the host GaAs s
nd
FIG. 1. Cross-sectional transmission electron microscopy image of
MnAs clusters embedded in the GaAs matrix after the annealing
Ga0.96Mn0.04As at 580 °C under As flux for 1 h.5 © 2003 American Institute of Physics





















































5486 Appl. Phys. Lett., Vol. 83, No. 26, 29 December 2003 Okabayashi et al.strate. From the cross-sectional TEM observation and
fitting of the magnetic-field dependence of the magnetiza
curve by Brillouin function, the diameters of the cluste
were estimated as~I! 6 and~II ! 8 nm, respectively.
The XAS and XMCD measurements were performed
ing a Dragon monochromator installed at beamline 11
Synchrotron Radiation Research Center, Taiwan. The X
and XMCD spectra were measured by means of the
x-ray fluorescence yield using a photodiode. In the case
XMCD measurements, we applied a magnetic field of 0.5
during the measurements at 100 K. As references, we m
sured the XAS spectra of a Ga0.96Mn0.04As film and a NiAs-
type MnAs film grown on GaAs~001! substrate at growth
temperature of 200 °C.
Figure 2 shows Mn 2p XAS spectra of MnAs clusters
As a reference, the spectra of Ga0.96Mn0.04As and NiAs-type
MnAs films are also shown. The XAS spectrum
Ga12xMnxAs has the same line shape as reported using
total electron yield method,11,12 which is interpreted within a
framework of the multiplet theory.13 After the annealing, the
Mn 2p XAS line shapes changed from the localized Mn 3d
states with the multiplet structures to the broad features c
ing from the itinerant Mn 3d states of NiAs-type MnAs
films. The XAS line shape of NiAs-type MnAs film is th
same as the reported one.14 It is therefore revealed that th
nanoscaled hexagonal NiAs-type MnAs clusters are form
in the GaAs matrix through phase separation to relax
strong compressive strain of the as-grown samples and s
a metallic behavior. Difference in the line shapes comes fr
the size effect of the MnAs clusters. We emphasize that X
using the fluorescence yield mode is most suitable metho
elucidate the information about the bulk such as MnAs cl
ters embedded in host GaAs matrix while photoemiss
spectroscopy is a surface-sensitive method. Because the
atoms are distributed in the bulk, it is difficult to detect t
FIG. 2. Mn 2p XAS spectra of the MnAs clusters compared with those




















Mn signals by photoemission spectroscopy.15 Recently, it
was reported that the crystalline structure of the MnAs cl
ters is controllable by choosing the annealing conditions
form the zinc-blende type structure.16 The earlier-described
procedures are enough to form the NiAs-type MnAs clust
in the GaAs matrix. Broad Mn 2p XAS line shapes in the
clusters suggest that the size in metallic compounds of 6
cluster are enough to form the metallic spectra.
In order to investigate the magnetism of the MnAs clu
ters, we performed XMCD measurements at the Mnp
edges. The XMCD spectra of the MnAs clusters of 6 n
diameter are shown in Fig. 3. The magnetic field was
versed at every data point. Clear and almost similar XMC
signals are obtained for both 6 nm~sample I! and 8 nm
~sample II! MnAs clusters. The XMCD spectrum also show
the same line shape as that of bulk MnAs films.14 In the
XMCD spectrum, the intensity of up and down structur
cannot be compared quantitatively since the fluoresce
processes are different at 2p3/2 and 2p1/2 edges. Unfortu-
nately, for the magnetic moment, the sum rules for Mn
not work,17,18 primarily because the separation of the 2p3/2
and 2p1/2 edges is too small. The inset of Fig. 3 shows t
magnetic-field dependence of the XMCD, where the pho
energy was set athn5652.2 eV. No hysteresis curve wa
observed, which means that there is no ferromagnetic c
pling between the clusters. One of the reasons for the ob
vation of the diminished hysteresis loop comes from a we
interaction between the clusters. It indicates a superparam
netic behavior as reported in the magnetizati
measurement.7 On the other hand, in the case of the zin
blende-type MnAs dots, not only the XMCD but also hyste
esis curve were observed, suggesting the ferromagnetic
pling between the dots.19
We have investigated the electronic and magnetic pr
erties of the hexagonal NiAs-type MnAs clusters segrega
by high-temperature annealing of Ga12xMnxAs using XAS
f
FIG. 3. Mn 2p XMCD spectra of the MnAs clusters at 100 K applyin
magnetic field of60.5 T. The inset shows the magnetic-field dependence


















5487Appl. Phys. Lett., Vol. 83, No. 26, 29 December 2003 Okabayashi et al.and XMCD. The XAS spectrum drastically changed from t
as-grown Ga12xMnxAs. No hysteresis curve in the XMCD
of the MnAs clusters was observed, indicating a superp
magnetic behavior.
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